The aim of this study was to optimize the ability to detect cytomegalovirus (CMV)-specfic cell-mediated immunity ( 
Cytomegalovirus (CMV) is a ubiquitous herpesvirus that generally causes asymptomatic or mildly symptomatic infections in immunocompetent hosts. In contrast, CMV infection in immunocompromised patients carries a high rate of morbidity and mortality. Before the introduction of highly active antiretroviral therapy (HAART), AIDS patients represented the largest group severely affected by CMV, with a 10% annual incidence of sight-or life-threatening disease in this group of patients (7, 14) . Although HAART dramatically reduced the incidence of CMV disease in human immunodeficiency virus (HIV)-infected patients (8, 12, 32, 37, 39) , CMV invasion of the bloodstream, albeit asymptomatic, retains a significant association with progression to AIDS and death in the era of HAART (5, 8, 37) . Currently, transplant recipients comprise the group most likely to have CMV symptomatic disease, with an incidence of 10 to 50%, depending on the type of transplantation, the immunosuppressive regimen used, and the recipient and donor CMV serological status (20, 25, 31, 38) . In addition, CMV infection in these patients has severe indirect consequences, including bacterial and fungal superinfection and graft loss (10, 24, 26, 30) . Patients deemed at risk of CMV end-organ disease frequently receive prophylactic antiviral therapy, which is both toxic and expensive (11) .
There is great interest in identifying immunologic markers of protection against CMV disease, because this could simplify the management and improve the outcome of CMV infection in immunocompromised hosts. However, studies of immune correlates with protection against CMV have yielded conflicting results (3, 4, 6, 9, 13, 17-19, 21, 23, 27, 28, 34, 36) . The reasons for the discrepancy in the findings of these studies include the use of different subject populations, different definitions of end points and immunologic markers of CMVspecific memory, and different effector T-cell responses. In addition, the heterogeneity of reagents and techniques may also have contributed to the difference in the results.
The goal of this study was to evaluate the sensitivities and specificities of different measures of CMV-specific cell-mediated immunity (CMI) with different CMV antigenic preparations. We also sought to establish the characteristics of assays used to measure CMV-specific memory, such as the lymphocyte proliferation assay (LPA) and interleukin-2 (IL-2) production or effector production, such as inducible gamma interferon (IFN-␥) production, using peripheral coxon rank sum test of the stochastic equality of the distributions of the assay results for the two groups with different serological status.
The pairwise equality of independent proportions of subjects among the four groups with different CD4 counts and the healthy donors with a given assay result (with blood from their first blood draw only) equal to or greater than a given cutoff was tested by first testing the null hypothesis that all five proportions are equal by use of a 0.05-level exact test, and if and only if this test rejected the null hypothesis, then the method was used at the 0.05 level for pairwise comparisons on the basis of an angular transformation of the proportions and its q distribution (40) .
The plasma HIV RNA levels between two groups were compared by use of the Wilcoxon rank sum test, after values below the lower limit of quantification (400 copies/ml) were imputed to 400 and values above the upper limit of quantification (750,000 copies/ml) were imputed to 750,000.
All statistical tests were exploratory at the nominal 5% level of significance.
RESULTS
Performance characteristics of six CMV antigenic preparations for measurement of CMI. The sensitivities and the specificities of the six CMV antigenic preparations were assessed with PBMCs from 57 healthy donors, including 21 CMV-seronegative and 36 CMV-seropositive adults, after the exclusion of 1 subject with an indeterminate CMV serological status. ROC analysis defined the best SI discriminative thresholds between CMV-seropositive and -seronegative individuals (Fig.  1) . The sensitivities and specificities differed somewhat, albeit not significantly, across the antigens at the optimal discriminative thresholds (Table 1) . For LPA, the Colorado CMV lysate had the best performance characteristics, on the basis of the mean of the lower bounds of the 95% confidence intervals on sensitivity and specificity, with a sensitivity and a specificity of 91% (95% confidence interval, 76%, 98%) and 95% (95% confidence interval, 76%, 100%), respectively, at an SI of 5.
The IFN-␥ measurements, performed at 72 and 144 h poststimulation, showed a wide range of responses to the different CMV antigens, varying from undetectable to 12,111 pg/ml. The IFN-␥ concentrations in control antigen-stimulated PBMC cultures varied from undetectable to 6.3 pg/ml. After subtraction of the IFN-␥ concentrations for the appropriate controls, the CMV-specific IFN-␥ levels were not significantly different between the two time points at which the culture supernatants were harvested, and only data for the results obtained at 72 h are shown (Table 1) . At the best ROC curve-determined IFN-␥ discriminative threshold, all CMV preparations except gB had 100% sensitivity for the identification of CMV-seropositive healthy individuals; the sensitivity of gB was 88%. All CMV preparations had 100% specificity for discriminating CMV-seropositive from CMV-seronegative healthy subjects, although the lower bounds of the 95% confidence intervals were as low as 48% for gB and pp65 (Table 1) .
The levels of IL-2 production, measured at 72 and 144 h poststimulation, varied from undetectable to 191 pg/ml. The level of nonspecific IL-2 production measured in mediumstimulated wells was less than 21 pg/ml. CMV-specific IL-2 levels did not appreciably differ between the harvesting times of 72 and 144 h. Overall, the CMV antigen lysates were better stimulators of IL-2 production than purified CMV pp65 or gB, which generated IL-2 levels Ͻ50 pg/ml. At the optimal CMVspecific IL-2 discriminative threshold, the CMV San Diego lysate had the best sensitivity and specificity (100% each). The sensitivities of both gB and pp65 tended to be lower than those of the Colorado, San Diego, and BioWhittaker lysates, although the differences did not reach statistical significance. Across all antigens, the sensitivity was as low as 38% (gB and pp65). The specificity was 100% for all antigens except the Colorado antigen (specificity, 71%).
The variability in the SIs determined by LPA was assessed with PBMCs from 30 to 57 CMV-seropositive subjects by the use of two or more observations separated by 1 to 347 days. A qualitative analysis with the median and the IQR (across subjects) of the proportion of repeated measures for a given subject that were on the same side of the ROC curve-derived cutoff value as the majority of repeated measures for that subject showed a high degree of consistency in the results of LPA over time, with at least 75% of the subjects consistently testing above or below the ROC curve-derived optimal SI threshold for all antigens except the San Diego antigen, for which at least 75% of subjects had at least 83% of the test results on the same side of the threshold. The median intrasubject log 10 SI standard deviations varied from 0.19 to 0.31 across all antigens.
The variabilities of the CMV-specific IFN-␥ and IL-2 measurements were assessed with PBMCs from 9 to 12 CMV-seropositive subjects stimulated with the BioWhittaker, UTMB, or San Diego antigen. The data showed that Ͼ75% of the subjects had CMV-specific IFN-␥ results reproducibly above or below the ROC curve-derived optimal threshold for all antigenic preparations. The median standard deviations of the CMV-specific IFN-␥ concentrations per subject varied from 6 to 70 pg/ml. CMV-specific IL-2 levels were reproducible in Ͼ75% of subjects when the UTMB antigen was used. For the BioWhittaker and San Diego antigens, the reproducibility of the results for IL-2 was Ͼ50% but Ͻ75%. The median standard deviations of the IL-2 concentrations per subject varied from 3 to 5 pg/ml. CMI associations in healthy individuals. In vivo CMV infection generates Th1 responses, which protect the host against the viral infection by clearing infected cells. We hypothesized that in a well-functioning immune system, CMV stimulation preferentially expands Th1 effectors, and therefore, immune memory, as determined by LPA and measurement of IL-2 levels, would correlate with the level of IFN-␥ production. Indeed, correlation analyses with PBMCs from CMV-seropositive donors showed that the CMV SI significantly increased with higher levels of CMV-specific IFN-␥ production at 72 h for all antigens, with correlation coefficients of 0.58 to 0.95 (P Ͻ 0.05). High correlation coefficients were also found between the CMV SI and the levels of cytokine production at 144 h, but the number of data points was too small to reach statistical significance. Analyses of the correlation of the CMV SI with the level of IL-2 production showed similar trends, with rho values of 0.52 to 0.63 and P values of 0.02 to 0.09 for all antigens except pp65, which failed to generate detectable levels of CMV-specific IL-2, precluding the ability to detect any associations. There was also no appreciable association between the SIs obtained with PHA stimulation and those obtained with CMV lysate stimulation, underscoring the specificity of the results of LPA generated with CMV lysates. A weak association was found between the gB and the PHA SIs (rho ϭ 0.42, P ϭ 0.07), and a stronger association was found between the pp65 and the PHA SIs (rho ϭ 0.52, P ϭ 0.02).
CMV-specific CMI in HIV-infected subjects. All HIV-infected volunteers enrolled in this study were CMV seropositive. The subjects were stratified by CD4 cell numbers into the four groups (groups A to D) described in Materials and Methods. The proportions of responders were calculated by the CMV-specific LPA, the IFN-␥ production assay, and the IL-2 production assay by using the best discriminative ROC analysis values for all antigens. However, data are shown only for the antigens with the best ability to discriminate between CMVseropositive and -seronegative healthy volunteers, i.e., the Colorado antigen for LPA, the San Diego antigen for IL-2 production, and the BioWhittaker antigen for IFN-␥ production. This last antigen was chosen from among the multiple CMV antigens that showed 100% discriminative sensitivity and specificity by inducible IFN-␥ production, because the results for these antigens were available from a higher number of HIVinfected subjects compared with the number of subjects from whom the results for the other antigens were available.
The proportions of subjects with responses higher than the best ROC curve cutoff for a CMV-specific SI increased with the CD4 ϩ cell numbers and were 8%, 36%, 63%, and 65% of responders in groups A, B, C, and D, respectively ( Fig. 2A) . All HIV-positive groups had significantly lower proportions of CMV LPA-positive subjects than the HIV-negative and CMVpositive controls, of whom 91% were LPA positive. Across the HIV-positive groups, group A, which included the most severely immunocompromised individuals, had a significantly lower proportion of LPA-positive subjects than group B, C, or D. Group B had a significantly lower proportion of responders than groups C and D. The proportions of LPA-positive subjects in groups C and D did not appreciably differ. The median log SIs of the CMV-specific LPA responders in groups A, B, C, and D and the HIV-uninfected group were 0.8, 1.4, 1.6, 1.6, and 1.5, respectively, indicating that PBMCs from HIV-infected subjects with CD4 ϩ cell counts of Ͻ100/l had both qualitative and quantitative proliferative defects. The distribution of the responses across the groups by LPA with the other CMV antigens was not appreciably different from the results obtained with the Colorado lysate, although the magnitudes of the responses varied (data not shown).
The proportions of subjects with responses higher than the best ROC curve cutoff for CMV-specific IFN-␥ (BioWhittaker lysate, 72 h) also showed a gradual increase with higher CD4 ϩ cell numbers and were 7%, 42%, 65%, and 71% in groups A, B, C, and D, respectively (Fig. 2B) . Similar to the LPA responses, there were significant differences in the proportions of IFN-␥ responders in group A compared with those in any of the other groups, in group B compared with those in group D and compared with those in the healthy controls, in group C compared with those in the healthy controls, and in group D compared with those in the healthy controls. The median CMV-specific IFN-␥ concentrations among the responders in groups A, B, C, and D and in the healthy controls were 229, 559, 796, 532, and 1,120 pg/ml, respectively. The maximum level of production of CMV-specific IFN-␥ among the HIVpositive subjects was 1,312 pg/ml, which was 1 order of magnitude lower than the 12,111-pg/ml maximum concentration observed in HIV-uninfected subjects under the same assay conditions. The results for IFN-␥ obtained with the other antigens were not appreciably different from those observed with the BioWhittaker lysate (data not shown).
Very few HIV-positive subjects produced IL-2 in response to stimulation with the CMV San Diego lysate. All the responders belonged to group C, which included 40% CMVspecific IL-2-responders. The maximum level of CMV-specific IL-2 production among the HIV-positive subjects was 13 pg/ ml, which was 1 order of magnitude lower than the corresponding value of 191 pg/ml recorded for HIV-negative and CMV-positive subjects. The IL-2 response in HIV-positive individuals in response to the other CMV antigens was also mostly absent and did not have an appreciable relationship with the CD4 ϩ cell count (data not shown). The variability of the LPA results over time in the HIVinfected subjects was analyzed by comparing the SIs obtained with Colorado CMV lysate-stimulated cells in 21 subjects in group A, 25 in group B, 21 in group C, and 20 in group D, who were repeatedly tested over intervals of 1 to 347 days. The variability was low, with 67% or more of the subjects in all groups having SIs consistently above or consistently below 5, the ROC curve-defined optimal threshold for the Colorado antigen. The median intrasubject log 10 SI standard deviations varied from 0.07 to 0.32 across all groups, which was not appreciably different from the values for the healthy controls. Likewise, the variability of the CMV-specific IFN-␥ and IL-2 results measured with the BioWhittaker and San Diego CMV lysate-stimulated PBMC cultures, respectively, was low across all groups of HIV-infected individuals, with at least 50% of the subjects testing consistently above or consistently below the ROC curve-defined optimal threshold for each antigen. These data were derived from 11 to 12 subjects for each cytokine (from 4 subjects in group A and 1 subject in group B for each cytokine and from 2 and 5 subjects in group C and 2 and 4 subjects in group D for IL-2 and IFN-␥, respectively). The median standard deviations of the IFN-␥ and IL-2 concentrations per HIV-infected subject from all groups varied from 0 to 46 and 0 to 3 pg/ml, respectively. These results were not appreciably different from those for the healthy controls, but due to the limited number of subjects, they must be interpreted with caution. CMI associations in HIV-infected subjects. Correlations between the CMV-specific LPA results and the inducible cytokine levels were investigated for the Colorado, BioWhittaker, and San Diego antigens by using pooled data from 20 to 60 HIV-infected subjects (Fig. 3) . The LPA responses measured by determination of the SIs were significantly associated with the levels of IFN-␥ production (rho ϭ 0.55 to 0.67, P Յ 0.02) and IL-2 production (rho ϭ 0.28 to 0.6, P Յ 0.03) for all three antigens. There were no appreciable differences in the correlations of the LPA results and the levels of cytokine production across the four groups of HIV-infected subjects stratified according to their CD4 cell numbers. However, some analyses had data available from only three subjects and the results should be interpreted with caution.
Correlations between CMV-and PHA-driven CMI were investigated for each antigen (Fig. 4) . The CMV SI significantly increased with the PHA SI for all antigens (correlation coefficients, 0.20 to 0.69, P Յ 0.05) except for pp65 (rho ϭ 0.20, P ϭ 0.11). There were no appreciable differences across the groups stratified by CD4 counts, but the numbers of data points per analysis per group were limited, rendering the results less stable. The association between the CMV and PHA SIs for HIV-infected subjects was further supported by an additional analysis that included results for all CMV lysates, which tested the null hypothesis that the correlation between the CMV and PHA SIs was 0. The null hypothesis was rejected on the basis of a P value of 0.05. In contrast, a similar analysis for the data obtained with healthy controls was unable to reject on October 19, 2017 by guest http://cvi.asm.org/ the null hypothesis and had a P value of 0.42. Furthermore, the P value from testing of the null hypothesis that the associations of the CMV SI with the PHA SI were not different for HIVinfected and -uninfected subjects was 0.09. Taken together, these data indicate that the correlation between the SIs obtained by LPA with CMV whole-lysate antigens and PHA is greater for the HIV-positive population than the HIV-negative population. To determine the relationship between CMV-specific CMI and HIV replication, the numbers of plasma HIV RNA copies/ml of the LPA, IFN-␥, or IL-2 responders were compared with those of nonresponders, as defined by the best ROC curve-derived cutoff ( Table 2 ). The data showed that the LPA and IFN-␥ responders had significantly fewer HIV plasma RNA copies/ml than the nonresponders. A similar trend was observed when the IL-2 responders were compared with the nonresponders. The differences in HIV plasma RNA levels between the IFN-␥ responders and the nonresponders remained significant after adjustment for CD4 cell numbers. The results of similar analyses with data obtained after the stimulation of PBMCs with other CMV antigens (data not depicted) were similar to those displayed in Table 2 for all antigens except pp65, stimulation with which resulted in plasma HIV RNA titers that were not significantly different between the LPA or IFN-␥ responders and the nonresponders.
An ROC analysis was performed to estimate how well plasma HIV RNA discriminates between LPA or IFN-␥ responders (Fig. 5) . For the CMV-specific LPA, the plasma HIV RNA discriminative threshold varied from 818 copies/ml for CMV gB to 5,966 copies/ml for the Colorado CMV lysate. For CMV-specific IFN-␥, the discriminative threshold varied from 1,079 HIV copies/ml of plasma for CMV gB to 9,132 copies/ml for the Colorado and San Diego CMV lysates. These data show a progressive loss of CMV-specific CMI with higher levels of HIV replication but also indicate that IFN-␥ production in response to CMV lysate stimulation may be the most resilient CMV-specific marker of CMI.
DISCUSSION
This study evaluated several factors critical to the ability of measuring the CMV-specific CMI responses of HIV-infected subjects in vitro. To assess the role of the antigenic composition of the stimulant, PBMCs from HIV-infected and -uninfected subjects were stimulated with different inactivated CMV-infected cell lysates and subunit antigens, including gB, the most abundant CMV surface glycoprotein, and pp65, a major target of cytotoxic T-cell responses (16) . There were no appreciable differences across CMV lysates with respect to their ability to elicit LPA and IFN-␥ responses for CMVseropositive HIV-infected or -uninfected subjects. The association of the SI with CMV gB and pp65 stimulation and the SI with PHA stimulation in healthy individuals and the trend toward a lower level of production of IL-2 in response to CMV subunit antigens compared with that in response to lysates, taken together, indicate that CMV lysates offer several advantages over CMV subunit antigens for the detection of CMVspecific CMI in vitro and are the stimulants of choice. CMV whole lysates contain a larger diversity of T-cell epitopes that may contribute to the robustness of CMI. This conclusion is supported by the work of Sylwester et al., who showed that multiple CMV peptides contain T-cell epitopes (33) . A limitation of this study was that only one of the CMV lysates, that manufactured by BioWhittaker, is commercially available.
There were differences across CMV antigens with respect to the optimal discriminatory threshold between CMV-seropositive and -seronegative individuals for the LPA response and IFN-␥ or IL-2 secretion. For LPA, previous studies typically used an SI of 3 to differentiate the presence and the absence of CMI. All the antigens evaluated in this study except CMV gB had ROC analysis-determined best discriminatory thresholds other than 3, underscoring the importance of establishing antigen-specific criteria during the process of validation of each assay. The results provided by the ROC analysis can be used to emphasize the sensitivity or the specificity of the discriminative threshold if the clinical application may benefit from a higher negative or positive predictive value, respectively.
PBMCs from healthy donors were used to define the assay characteristics of the CMV-specific LPA response and IL-2 production, which predominantly measure CD4 ϩ T-cell memory, and IFN-␥ production, which measures effector responses. The level of cytokine production in control antigen-stimulated wells was low, but not negligible, warranting adjustment of the final results by subtracting the values for the wells containing control antigen from those for the wells containing CMV antigens. There were no appreciable differences in the levels of cytokine production between the 72-and 144-h cultures. The CMV-specific LPA response and levels of IFN-␥ and IL-2 production were significantly correlated with each other, indicating that they measured the same broad immunologic phenomenon. It is possible that the small subset of subjects in our HIV-uninfected sample for whom we had IL-2 data are not representative of the HIV-uninfected population. With that caveat in mind, however, the results obtained from the IL-2 measurements were less robust than those obtained from either the LPA response or IFN-␥ production. Hence, inducible IL-2 measurements may best be used to answer immunologic questions that specifically address CMV-stimulated IL-2 pro- b P values for the comparison of the HIV plasma titers of the CMI responders versus those of the nonresponders with adjustment for CD4 cell numbers. The data indicate that the association between the HIV RNA copies/ml and CMV CMI response measured as IFN-␥ production was maintained after adjustment for CD4 cell numbers c The data represent the median number of HIV RNA copies/ml of plasma in each group. FIG. 5 . ROC analysis of plasma HIV RNA thresholds associated with detectable CMV LPA (A) and IFN-␥ (IFNg) (B) in HIV-infected subjects. The data were derived from CMV-seropositive HIV-infected subjects. "True positive" means that the number of RNA copies was less than the given RNA copy number cutoff when the CMV-specific LPA (or IFN-␥) was at least at the threshold value determined by the ROC analysis of the HIV-uninfected group. "False positive" means that the number of RNA copies was less than the given RNA copy number cutoff when the CMV-specific LPA (or IFN-␥) was less than the threshold value. The "best" cutoff corresponds to the point closest to the upper left corner and indicates the plasma HIV RNA copies/ml associated with the highest mean sensitivity and specificity for discrimination between CMV-specific CMI responders and nonresponders. The sensitivities and specificities corresponding to benchmark cutoffs of 1,000, 5,000, and 10,000 HIV RNA copies/ml of plasma are also indicated. pos, positive; neg, negative; AUC, area under the curve. duction but not as a broad measure of CMV-specific CMI. In contrast, the results obtained from both the LPA response and IFN-␥ production were robust and allowed the highly sensitive and specific discrimination between CMV-seropositive and -seronegative healthy adults, with slightly higher values obtained for IFN-␥ production.
The data showed that many HIV-infected individuals were able to mount CMV-specific responses. The LPA response and the level of IFN-␥ production of CMV-stimulated PBMCs from HIV-infected subjects clearly increased with their CD4 cell numbers and could be used as a measure of the integrity of the immune system in studies of immune preservation or immune reconstitution. The level of CMV-specific IL-2 production was low and too erratic to be useful as an overall measure of the immune status of these subjects. It is important to underscore that the CMV-specific CMI responses of HIVinfected subjects with all CD4 cell levels, including Ն500 cells/ l, were significantly less frequent than those of healthy individuals. Furthermore, the magnitude of IFN-␥ production was also lower in HIV-infected subjects than in healthy individuals. The group of subjects with CD4 cell counts of Ͻ100 cells/l showed the most intense signs of CMV-specific immunodeficiency, as evidenced by Ͻ10% responders, according to the LPA response or IFN-␥ production. This observation is consistent with the findings of epidemiologic studies showing that CMV end-organ disease predominantly affects HIV-infected subjects with CD4 cell counts of Ͻ100 cells/l (14) . There were no appreciable differences in CMV-specific CMI between the groups of HIV-infected subjects in group C (CD4 counts, between 300 and 500 cells/l) and group D (CD4 counts, Ն500 cells/l), suggesting that these groups may be consolidated in future analyses.
The ability to detect CMV-specific LPA and inducible IFN-␥ responses decreased with higher levels of HIV replication, as determined by measurement of the plasma HIV RNA load, indicating the importance of controlling for HIV replication in analyses of CMI. The association between HIV RNA replication and CMV-specific CMI was maintained after adjustment for CD4 cell numbers, indicating that it was not confounded by CD4 cell numbers. The effect of antiretroviral treatment was not analyzed due to a lack of data. The ROC analysis showed optimal discriminative thresholds of between 818 and 9,132 copies/ml. The thresholds for CMV lysates and IFN-␥ production tended to be higher than those for subunit antigens and the LPA response. CMV lysate-stimulated IFN-␥ production had the highest HIV RNA discriminative threshold of approximately 5,000 to 10,000 copies/ml plasma. This threshold is similar to the benchmark of 10,000 HIV RNA copies/ml associated with the increased incidence of CMV end-organ disease (8) and is also in agreement with a previously reported association between the CMV-specific IFN-␥ responses and protection against CMV end-organ disease (27, 34, 36) .
The biologic variability of the CMV LPA response and the level of IFN-␥ production in HIV-infected subjects was not appreciably different from that in healthy individuals, suggesting that CMV-specific CMI may be used to monitor changes in the functional immunity of HIV-infected individuals. Data for assessment of the variabilities in the LPA response and the level of IFN-␥ production were available for 87 and 12 HIVinfected subjects, respectively. Although the conclusions for the variability in the level of IFN-␥ production were derived from data for a limited number of subjects, they are supported by previous findings (34) and by the LPA response data, lending credibility to the results. The low biologic variability of the CMV-specific LPA response or level of IFN-␥ production, taken together with the significant association of these CMVspecific CMI markers with the degree of immunosuppression of HIV-infected subjects, indicates that a qualitative improvement of either of these measures could be interpreted with confidence as a sign of immune reconstitution. Conversely, qualitative decreases in the CMV-specific LPA response or level of IFN-␥ production indicate progression of the immunodeficiency.
Another observation with potential clinical utility was that the CMV lysate-and PHA-stimulated LPA responses were positively associated in HIV-infected subjects, whereas a similar correlation for healthy individuals was not supported by the data analysis; also, there was some evidence (P ϭ 0.09) that the correlation is greater in the former group. The correlation between the CMV lysate-and PHA-stimulated LPA responses in HIV-infected subjects suggests that their immunologic defects limit both CMV-and PHA-stimulated proliferation, leading to a significant association. The corollary of this observation is that the lifting of the immunologic defects may abrogate the association between the SIs for CMV lysate and PHA stimulation, and this might be used as a measure of immune reconstitution. Further studies are needed to test this hypothesis.
In conclusion, CMV lysates stimulate robust LPA and IFN-␥ responses with low intrasubject variability both in healthy and in HIV-infected individuals. IFN-␥ assays specific for other microbial agents, such as Mycobacterium tuberculosis, are commercially available for investigation of pathogen-specific CMI. A standardized CMV-specific IFN-␥ assay may also find clinical utility, considering that several studies have shown an association between the CMV-specific IFN-␥ production and protection against CMV end-organ disease not only in HIVinfected individuals but also in transplant recipients and other immunocompromised hosts (27, 29, 34, 36) .
